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CHAPTER 1: INTRODUCTION 
Alfalfa germplasm 
Alfalfa is the most widely cultivated forage legume in the USA and Canada, and it is 
also widely grown throughout the world, primarily in temperate, arid, and subtropical regions 
(Michaud et al., 1988). It originated in Vavilov's "Near Eastern Center" which consists of 
Asia Minor, Iran, Transcaucasia and the highlands of Turkmenistan. Alfalfa has a very long 
and rich history, being the oldest plant grown exclusively for forage (Michaud et al., 1988). 
Nevertheless, it was also used as a food source. The early Arabic botanist Dinawari described 
its culinary use in Babylon and it has been used as food for Kurds, the inhabitants of Nineveh 
(modern day Mosul, Iraq), who attribute nutritive and medicinal properties to it (Fahd, 1996). 
From its probable homeland in Iran, alfalfa came to Greece with the Median king Darius and 
his legions, the invaders bringing alfalfa to feed their horses and cattle. From there, alfalfa 
spread to Rome (Michaud et al., 1988). 
Alfalfa was introduced to the Americas by the Spanish after their discovery of the 
continent; however, introduction to North America is much more recent. Most probably it 
was first introduced to the southwestern states from Mexico and then extended throughout 
the USA (Bolton, 1962). Having been a recent introduction to North America, the pivotal 
alfalfa germplasm can be identified. Between 1850 and 194 7 nine distinct sources of 
germplasm were introduced to the USA. These nine germplasm sources are M. falcata, M. 
varia, Ladak, Turkistan, Flemish, Chilean, Peruvian, Indian and African (Barnes et al., 
1977). Most of the genetic diversity among cultivars in the United States is due to those 
germplasm sources. Before 1930, each cultivar basically was developed from only one 
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1941 to 1960, cultivars were developed by combining two or three germplasm sources. 
Cultivars developed during the 1961 to 1970 period often included three or four germplasm 
sources. Since 1971, cultivars usually include genes from all nine germplasm sources 
(Barnes et al., 1977). 
Yield and breeding 
Alfalfa is cultivated on more than 2.5% of the total agricultural hectarage in the US 
and nearly 28.6% of total alfalfa production of the US is in eight Midwestern states (Illinois, 
Indiana, Iowa, Michigan, Minnesota, Missouri, Ohio, and Wisconsin; USDA, 2004). Alfalfa 
yield trends can be grouped into three eras over the past one hundred years. Averaged across 
the entire U.S., the total yield per hectare did not increase until 1955. Yield increased 
between 1955 and 1983, but remained flat from 1983 to 2003. Yield in the Midwestern states 
paralleled that of the U.S, but after 1983, yield has decreased slightly. 
Average yield increases in alfalfa have been reported to range from 0.15 to 0.30% per 
year as measured by the superiority of newer cultivars (Hill et al., 1988, Holland and 
Bingham, 1994). However, Riday and Brummer (2002) suggested that due to pathogen and 
pest pressures, the yield of older cultivars was declining while the newer cultivars only 
maintained the yield level about the same. 
Three main suggestions have been offered by Hill et al. (1988) for yield stagnation in 
alfalfa. The perennial growth habit of alfalfa is a barrier for a rapid yield increase because 
evaluation of experimental strains must be performed for several years before any selection 
can be accomplished. Hence, gain per year in alfalfa will be significantly lower than that in 
an annual crop. In addition, the storage of photosynthates for winter survival could be a cost 
for perennial plants. A second possible explanation is that total plant biomass is harvested for 
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alfalfa, not only certain parts of the plant like the grain. To increase yield in grain crops, 
breeders can alter partitioning of yield between grain and the rest of the plant, rather than 
altering assimilatory process as forage breeders must do. However, the third and most likely 
suggestion is that alfalfa breeders have been focused on pest resistance and simply not 
selected for yield (Hill et al., 1988). 
Current alfalfa cultivars are synthetics that are developed by combining a certain 
number of parents (Syn 0) to produce breeder seed (Syn 1) that is increased by 
(hypothetically) random mating for two to three advanced generations to produce certified 
commercial seed (Syn 3 or 4) for sale (Rumbaugh et al., 1988; Casler et al., 1996). Synthetics 
are a practical way for seed multiplication, and can allow the expression of some heterosis, 
although to a lesser degree than hybrids (Rumbaugh et al., 1988). Inbreeding depression 
could occur during seed increase if few parents are used to develop a cultivar, which would 
decrease or eliminate any heterosis effect. Thus, the number of parents to be recombined is 
one of the largest concerns in developing a synthetic variety. According to the National 
Alfalfa Variety Review Board, most current alfalfa cultivars have more than 20 parents and 
often more than 100 parents (Association of Official Seed Certifying Agencies, 1998). Large 
parental numbers also serve to prevent expression of heterosis, so the fear of inbreeding 
effectively prevents the potential expression of heterosis at all. 
Severe inbreeding depression and the expression of hybrid vigor in alfalfa led to 
longtime interest in hybrid alfalfa, but the first commercial hybrid alfalfa cultivar only 
became available recently. Busbice et al. (1972) listed three advantages of hybrid alfalfa 
varieties over synthetic cultivars: (i) avoidance of inbreeding depression that occurs at the 
first generation of synthetic cultivar development; (ii) a great reduction in contamination and 
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unwanted natural selection because fewer seed increase generations are used, and (iii) the 
commercialization of specific hybrid combinations uses the full non-additive component of 
genetic variation. Despite the superiorities of hybrid alfalfa over synthetic varieties, practical 
difficulties exist in producing hybrid alfalfa, due to biology of plant itself. Obtaining inbred 
lines is difficult because of severe inbreeding depression, vegetative propagation produces 
insufficient seed for commercial sale, and unreliability of self-incompatibility or male 
sterility systems limits the production of pure hybrids (Viands et al., 1988). 
Brummer (1999) suggested a semi-hybrid model that could be used to capture 
heterosis while avoiding the practical challenges of manipulating the reproductive system to 
obtain hybrid seed. Two or more diverse populations that are known to combine well 
together should be used for selection, instead of using a single broad-based population. After 
selection of superior individuals from each population, a polycross nursery could be used to 
intercross the selected individuals of all populations with an equal number from each 
population (assuming no self fertilization). Progeny of such a cross would be semihybrids, 
with Yi of the progeny derived from interpopulation cross while the other Yi derived from 
intrapopulation crosses in the case of two parental populations. Intrapopulation crosses would 
not be worse than traditional cultivars (Brummer, 1999). Foster (1971) used the same 
proposed model in perennial ryegrass and obtained yield improvement in the semihybrids in 
spite of the fact that he had no identifiable heterotic groups. 
Heterosis 
Heterosis or 'hybrid vigor' is defined as the superiority of progeny over parents 
(Falconer and Mackay, 1996). Yield is the most general object of heterosis in the area of 
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plant breeding despite the fact that heterosis could potentially be observed in any trait. Two 
different concepts of heterosis are described in the literature: midparent and high parent 
heterosis. The former is important in formulating theoretical quantitative genetics models, 
while the latter has a more practical value from the plant breeding standpoint. Midparent 
value refers to the superiority of hybrid performance to the mean value of parents; high 
parent heterosis is superiority of progeny over the higher parent. 
Heterotic groups are prerequisites for the manifestation of heterosis. In maize, stiff stalk 
synthetics and non-stiff stalk synthetics are the two main heterotic groups that are being 
widely using in the hybrid maize production (Bromley et al., 2000). In alfalfa, however, 
heterotic groups are not as clear as in maize. Three main groups can be considered as 
heterotic groups in alfalfa: (a) dormant M. sativa subsp. falcata, hereafter referred to as 
falcata, (b) semidormant M. sativa subsp. sativa and, ( c) nondormant M. sativa subsp. sativa 
(Riday and Brummer, 2002). 
Genetic basis of heterosis 
The phenomenon of heterosis has been widely recognized in a variety of species, yet 
its genetic basis is unclear. Three main explanations have been suggested: dominance, 
overdominance, and epistasis. The dominance theory has the most experimental support and 
is generally regarded as the primary cause of heterosis. This theory contends that deleterious, 
recessive alleles in either parent are being hidden in the hybrid progeny by dominant alleles 
contributed by the other parent (Xiao et al., 1995). This situation resembles overdominance, 
and Jones ( 1917) documented the difficulties of differentiating this theory from true 
overdominance. 
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Hull (1945, 1946) first suggested the overdominance theory, which contends that the 
heterozyote per se has an advantage over either homozygous genotype. East (1936) had 
reviewed the current evidence of heterosis and concluded that physiological functions of each 
allele at a particular locus were important in the manifestation of heterosis. However, 
Hallauer et al. (1988) pointed out that the basic idea was similar to the overdominance theory 
presented by Hull (1945). 
The third theory for the genetic basis of heterosis is epistasis. A recent study 
indicated that the role of epistasis in the expression of heterosis could be greater than 
previously appreciated (Yu et al., 1997). Using molecular marker based techniques in rice, 
they found dominance and overdominance effects but also that epistasis is important in 
heterosis expression. 
Although there are strong proponents of each theory, Brummer (1999) suggested that 
all three hypothesis could play some role in the expression ofheterosis. 
Heterosis studies in alfalfa 
Early heterosis studies were conducted as far back as the beginning of the last century 
between subspecies falcata and sativa. Heterosis was first observed by Westgate (1910). He 
worked on M. varia, natural crosses between falcata and sativa subspecies and found that in 
most cases it outperformed both pure sativa and pure falcata. Another early study on the 
performance of falcata x sativa crosses found that the yield of hybrids was superior to the 
better parent by 4 7 .5% (Waldron, 1920). Crosses of two elite sativa cultivars, 'Vernal' and 
'Alfa', with each other and with a falcata cultivar, 'Kuban' showed that the Fl yield 
performance was ranked as follows: V X K > A X K > A X V > V X V > A X A > K X K, 
indicating clear heterosis between falcata and sativa and also to a lesser degree between 
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diverse sativa populations (Sriwatanapongse and Wilsie 1968). More recently, the sativa-
falcata heterotic pattern was reaffirmed by examining hybrids between nine elite sativa 
genotypes and five falcata genotypes (Riday and Brummer, 2002). In that experiment, 
sativa-falcata hybrids had 18% higher yield than the average of within-subspecies crosses, 
indicating clear heterosis for yield. 
Heterosis in yield between diverse sativa germplasm has also been observed. Single-
cross hybrids of four elite, genetically diverse nondormant cultivars were superior to their 
parents for plant height, weight, and stem number, and for plant weight, double crosses 
exceeded the performance of single crosses (Yazdi-Samadi and Stanford, 1969). Some mid-
parent heterosis was observed in the crosses between lines from two pest resistant 
germplasms (MSA and MSB) and the cultivars 'Apalachee' and 'Arc' (Hill, 1983). 
Recently, two experiments have examined crosses among broader germplasm pools. 
A diallel analysis of hybrids among the nine historically recognized alfalfa germplasm 
sources, representing a significant portion of genetic diversity in the U.S., showed that M. 
fa/cata exhibited a strong heterotic pattern with the other sources, confirming previous 
studies (Segovia-Lerma et al., 2004). The other major germplasm source showing heterosis 
was Peruvian, a result suggested by a previous genetic diversity study (Kidwell et al., 1994). 
Hybrids between falcata and Peruvian expressed some heterosis when crossed to sativa 
cultivars (Maureira et al., 2004). 
Winter hardiness and autumn dormancy 
Although alfalfa is adapted from Siberia to Saudi Arabia, temperature stress is one of 
the main factors limiting the introduction of alfalfa germplasm into a region. High 
temperatures can reduce yield, shorten the longevity, and prevent growth, while cold 
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temperature can cause lethal winter injury. Dormancy is usually associated with a reduction 
of physiological activities during unfavorable conditions such as cold, heat and drought 
(McKenzie et al., 1988). For alfalfa, autumn (or fall) dormancy is usually associated with the 
ability of a plant to survive during the severe winter conditions. 
The height of regrowth of alfalfa cultivars after a late season harvest is the metric 
used to determine the level of dormancy. A fall dormancy (FD) score of 1 indicates a very 
dormant plant, while FD 11 indicates an extremely nondormant plant (Teuber et al., 1998). 
The alfalfa cultivars adapted to upper Midwestern USA are defined as dormant or 
semidormant with FD 2 to 4, and they tend to be winter hardy. Cultivars with FD 1 produce 
very poor yield, and those with FD > 5 suffer winter injury, and hence produce less than 
adapted cultivars. The nondormant cultivars (FD>8) can produce a good yield in the first 
year; however, they could die over the winter (Brummer et al., 2002). 
Brummer (1999) suggested that adaptation of nondormant alfalfa to Midwestern 
conditions could result in germplasm that represents a third heterotic group compared with 
semidormant sativa and falcata. The development of nondormant germplasm adapted to the 
Midwest to serve as a new gene pool for yield improvement has been recently completed 
(Weishaar et al., 2005). In that experiment, four nondormant alfalfa cultivars were selected 
in Iowa for three generations for decreased winter injury. Significant progress to reduce the 
winter injury in all populations was observed and the populations appear to have adequate 
winter hardiness to survive Iowa winters. Although winter injury in the Cycle 3 populations 
was greatly reduced compared with the original cultivars, autumn plant height declined in 
parallel (Weishaar et al., 2005). 
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Objective of study 
We hypothesize that the adapted, nondormant-derived germplasm will produce 
biomass yield heterosis when crossed with elite Midwestern cultivars. The objective of our 
study is to evaluate forage yield and yield heterosis in the progeny resulting from pairwise 
crosses between the four adapted, nondormant-derived germplasms, between four elite 
Midwestern cultivars, and between the two germplasm groups. The cultivars within each of 
the groups as well as the two groups themselves are thought to be genetically distinct from 
each other. 
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Table 1. Top 10 states in the alfalfa production in 2003 based on cultivated alfalfa hectares 
(USDA, 2004). 
% of Total 
Hectares Production Ton per US Alfalfa 
rank State Alfalfa (1000 Tons) Hectare Production 
1 California 441450 7630 17.3 10.0% 
2 Nebraska 587250 5220 8.9 6.8% 
3 South Dakota 1093500 5130 4.7 6.7% 
4 Iowa 538650 4921 9.1 6.4% 
5 Indiana 486000 4440 9.1 5.8% 
6 Minnesota 556875 4125 7.4 5.4% 
7 Wisconsin 648000 3680 5.7 4.8% 
8 Kansas 405000 3400 8.4 4.5% 
9 Montana 648000 3360 5.2 4.4% 
10 Missouri 344250 2720 7.9 3.6% 
us 9549090 76307 8.0 
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Figure 1. Current Alfalfa Germplasm and Dormancy Grouping. 
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CHAPTER 2: HETEROSIS BETWEEN SEMIDORMANT AND NONDORMANT 
DERIVED ALFALFA GERMPLASM 
A paper to be submitted to Crop Science 
M. Sakiroglu 1 and E.C. Brummer 
ABSTRACT 
Alfalfa (Medicago sativa L.) yield has not increased over the past 25 years in the 
Midwestern U.S. One way to increase yield in alfalfa is through capturing heterosis. 
Heterotic groups are genetically distinct germplasms that, when hybridized, repeatedly 
produce progeny that express heterosis. In alfalfa, three main heterotic groups have been 
proposed in the United States: dormant M falcata, semidormant M sativa, and nondormant 
M. sativa. Nondormant alfalfa cannot be used in the upper Midwestern USA due to severe 
winterkill. Three cycles of recurrent selection was conducted in four nondormant cultivars 
and winter hardiness was substantially improved in all four. The objective of this study was 
to test the hypothesis that the nondormant derived alfalfa germplasm represents a heterotic 
group distinct from Midwestern US cultivars. Four elite Midwestern alfalfa cultivars and the 
four nondormant derived populations were hand crossed in a half diallel mating design. A 
seeded trial was established at one Iowa location in 2003 and transplanted trials grown at two 
locations in 2004. In spite of the observation of better yield in some of the particular crosses, 
a general heterotic pattern was not observed between the two proposed groups. 
1 M. Sakiroglu, E.C. Brummer, Department of Agronomy, Iowa State University, Ames, IA 50011 
Corresponding author (msakir@iastate.edu) 
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INTRODUCTION 
Almost 2.5% of the entire U.S. agricultural land is represented by alfalfa, worth about 
7 billion dollars of production a year (USDA, 2004). Nearly 30% of the total U.S. alfalfa 
production is in the Midwestern states of Illinois, Indiana, Iowa, Michigan, Minnesota, 
Missouri, Ohio, and Wisconsin (USDA, 2004). According to the USDA (2004), no yield 
increase occurred in alfalfa in the US until 1955. From 1955 to 1983, yield improved 
moderately, but has remained flat thereafter. However, in Midwestern states, a slight 
decrease in yield was observed after 1983 (USDA, 2004). 
Yield increase in alfalfa was estimated to be 0.15 to 0.30% per year (Hill et al., 1988, 
Holland and Bingham, 1994). However, Riday and Brummer (2002a) suggested that as pest 
or pathogen pressures force a decline in yield of older varieties, yield improvements are 
observed relative to old cultivars but new cultivars are actually only maintaining a constant 
yield level. One explanation for yield stagnation is that breeders mainly focuse on traits other 
than yield, such as pest resistance, and improvements of these traits represented a barrier in 
breeding for yield (Hill et al., 1988). 
A semi hybrid model breeding system could capture heterosis as a way to overcome 
current yield stagnation (Brummer, 1999). The key for success of a such program is 
identifying possible heterotic groups that enable the realization of heterosis in a dependable 
manner. Three proposed heterotic groups in the U.S. include (a) M. sativa subsp. falcata, 
hereafter referred to as falcata, (b) semidormant M sativa subsp. sativa and, ( c) nondormant 
M sativa subsp. sativa (Brummer, 1999). Heterosis between falcata and sativa has been 
demonstrated (Riday and Brummer, 2002a; Segovia-Lerma et al., 2004), and the potential of 
at least one source of nondormant alfalfa, the Peruvian germplasm, also described (Segovia-
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Lerma et al., 2004; Maureira et al., 2004). Despite the yield boost it provides to hybrids, 
falcata germplasm includes some undesirable agronomic characteristics, such as slow 
regrowth, early dormancy, and a decumbent growth habit (Riday and Brummer, 2002b). 
Because nondormant germplasm does not survive winter conditions in the 
Midwestern U.S., Brummer (1999) suggested that selection of nondormant alfalfa for 
adaptation to Midwestern conditions could result in germplasm representing a third heterotic 
group, and one which overcomes agronomic limitations of falcata and its hybrids. The 
development of nondormant germplasm adapted to the Midwest to serve as a new gene pool 
for yield improvement has been recently completed (Weishaar et al., 2005). Four 
nondormant alfalfa cultivars were selected in Iowa for three cycles of phenotypic recurrent 
selection for decreased winter injury. The winter injury was reduced in all populations, 
which now appear to have adequate winter hardiness to survive Iowa winters. Although 
winter injury in the Cycle 3 populations was greatly reduced compared with the original 
cultivars, autumn plant height declined in parallel (Weishaar et al., 2005). 
The objective of this study was to test the hypothesis that the adapted nondormant 
derived germplasm represents a distinct heterotic group from semidormant Midwestern 
alfalfa cultivars. 
MATERIALS AND METHODS 
Plant Materials: 
Four nondormant-derived (NDD) alfalfa populations and four semidormant (SD) 
alfalfa populations were used as parents (Table 1 ). The four NDD alfalfa populations were 
developed from the cultivars 5939 (Pioneer Hibred, Intl.), CUF101 (Univ. California), 
GT13R+ (ABI Alfalfa), and Magna 8 (Dairyland Research, Inc.) by three cycles of 
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phenotypic recurrent selection for decreased winter_injury (Weishaar et al., 2005). The four 
SD alfalfa cultivars were 5454 (Pioneer Hibred, Intl.), Vernal (Univ. of Wisconsin), 
Innovator +Z (ABI Alfalfa), and 6420 (Dairyland Research, Inc.). 
The eight populations were hand crossed without emasculation in a diallel mating 
design in the greenhouse during the summer 2003. For each pairwise cross, 10 plants were 
chosen at random from each of the two populations. Each plant was crossed to the 10 plants 
from the other population. For pollination, three florets of a given plant were tripped into a 
drinking straw and removed from the plant. This pollen was moved to a plant of the other 
population and three florets tripped into it. Twenty plants of the populations per se were 
intercrossed to enable testing of the parental populations using seed produced under the same 
conditions as the population hybrids. Seeds from each plant were harvested individually and 
bulked equally. Reciprocal crosses were bulked in equal frequency. A total of 36 
populations were developed (8 populations per se, 6 NDD x NDD hybrids, 6 SD x SD 
hybrids, and 16 SD x NDD hybrids; see Fig. 1). The seeds were placed in a freezer for three 
days to break dormancy, lightly scarified, and inoculated with Sinorhizobium meliloti before 
planting. 
Experimental Design 
Field experiments were planted from seed on 23 August 2003 at the Northeast 
Research Farm, south of Nashua, IA, which has a Readlyn loam soil (fine-loamy, mixed, 
mesic Aquic Hapludolls) and from transplants on 21 April 2004 at the Agronomy and 
Agricultural Engineering Research Farm west of Ames, IA, which has a Nicollet loam soil 
(fine-loamy, mixed, superactive, mesic Aquic Hapludolls). A similar transplanted experiment 
was established at Nashua, but no data were collected during 2004. A seeded experiment 
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planted in August 2003 at Ames failed to establish sufficiently for data collection. The plot 
designs at both locations are triple a-lattices with each complete block (replication) 
consisting of 6 incomplete blocks each including 6 entries. Randomization for the block 
design was made using Alphagen software program. For the North East Research Farm, each 
plot consisted of a single entry seeded into three 2.1 m long rows spaced approximately 17 
cm apart. The seeds were directly planted using hand planters using a seeding rate of 0.75 g 
per plot (0.25 g (-100 seeds) per row). Plots were separated end-to-end by a 1 m border and 
side-to-side by approximately 35 cm. At the Ames location, each plot consisted of two 3 m 
long rows spaced 15 cm apart; ten plants spaced approximately 30 cm apart were planted in 
each row for a total of 20 plants per entry per plot. Plots were separated end-to-end by 1.5 m 
and side-to-side by 60 cm. 
Harvests for biomass yield were taken on June 8, July 8, August 10, and September 8, 
2004 at Nashua and June 30, July 28, and September 1, 2004 at Ames. Several subsamples, 
taken randomly from harvested material, were taken at each harvest period, weighed wet, 
dried for 5 days at 60° C, and then weighed dry. Whole plots were weighed wet during each 
harvest and dry mater yield on a per plot basis was calculated based on the dry matter 
percentage averaged across subsamples. 
Two agronomic traits, plant height and autumn regrowth, were measured. Height 
measurements were collected at Nashua before each harvest and after the September harvest 
(on 4 June, 7 July, 2 August, 5 September, and 8 October 2004) and after the September 
harvest at Ames (on 29 September 2004). The highest point of the plant as it stood was 
measured on six random plants per plot at Nashua and four at Ames, and an average plot 
height was calculated. Autumn regrowth was visually scored after the last harvest (at Ames 
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on 27 September, at Nashua on 8 October) for amount and rate of regrowth on a one (least) 
to five (most) scale. 
Data Analysis: 
Replications and blocks were considered to be random effects and entries were 
fixed. Data for two locations were analyzed separately due to differences in the plant type 
and in the planting date. Least squares means for each entry at each harvest and location 
were calculated using The MIXED procedure of the SAS statistical software package (Littell 
et al., 1996). Mean separations among entries were conducted using Fisher's protected LSD. 
To compare different types of crosses, the 36 entries were divided into 5 groups: (a) 
SD Parents, (b) NDD parents, ( c) SD x SD hybrids, ( d) NDD x NDD hybrids, and ( e) SD x 
NDD hybrids. Group means were separated based on differences among LS Means using the 
PDIFF function in SAS. Heterosis of SD x NDD hybrid populations was calculated in two 
ways: as the deviation from the average SD and NDD parent population mean (MP 
heterosis) and as deviation from the average of SD x SD and NDD x NDD hybrids to 
produce mid-group (MG) heterosis. 
A further analysis of the data was conducted according to Analyses II and III of 
Gardner and Eberhart ( 1966) as clarified by Murray et al. (2003) using a general linear model 
approach. Entries were divided into parents (varieties) and crosses. Cross effects were 
further subdivided into heterosis, average heterosis, variety heterosis, general combining 
ability (GCA), and specific combining ability (SCA). 
Estimates of diallel effects and their formulas are described in terms of sample and 
population means (Table 2). Analysis II was used to estimate the effects of heterosis, 
average heterosis, and variety heterosis, and Analysis III was used to estimate variety (i.e., 
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parental population) and GCA effects. Variety effects can also be estimated from analysis II, 
but these estimates are known to be confounded with GCA effects in this analysis (Murray et 
al., 2003; Segovia-Lerma et al., 2004). Specific combining ability (SCA) from Analysis III 
is identical to specific heterosis in Analysis II (Murray et al. 2003). Entry means and their 
standard errors were computed using analysis of variance with the MIXED procedure (SAS 
Institute, 1996). The effects of varieties (i.e., parents), heterosis, average heterosis, variety 
heterosis, GCA, and SCA were computed using the SAS macro program developed by 
Murray et al. (2003 ). 
RESULTS AND DISCUSSION 
Parental Means and Cross Means of yearly total biomass yield: 
At Nashua, the highest yielding parent was 6420 and poorest was 5939 (C3) (Table 
3). Except for CUF101 (C3), the other adapted nondormant germplasm also yielded poorly. 
At Ames, 6420 had the lowest yield, with Innovator +Z yielding the most (Table 4). The 
differentiation between SD and NDD germplasm was not evident as in Nashua. The mean 
cross performance at Nashua was highest for 5454 and 6420; 5939 (C3) crosses had the 
worst performance, which was similar to all other parents except 5454 and 6420 (Table 3). 
At Ames, no differences were recorded among crosses. 
Heterosis between germplasm groups 
In Nashua at all harvests except September and for total yield, semidormant (SD) 
parents and SD x SD crosses produced more biomass than NDD parents and NDD x NDD 
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crosses. No differences among parents or crosses were observed at the September harvest. 
The yield of the between-group population hybrids (SD x NDD) was similar to the NDD 
parents in June, but equal to the SD parents and their crosses in July and August. For total 
annual yield, the SD x NDD crosses had an intermediate pattern between the NDD 
populations and crosses and the SD populations and crosses. In Ames, neither total annual 
yield nor any individual harvest showed a difference among groups, possibly because the 
data were collected on transplants in the establishment year (Table 5). 
We computed heterosis observed in SD x NDD crosses in two ways: first, as mid-
population heterosis (MP) by comparing hybrid yield to the average of the parental 
populations and second, as mid-group heterosis (MG) by comparing the SD x NDD hybrids 
with the average of SD x SD and NDD x NDD hybrids. The MG heterosis ranged form -1 % 
to 7% and MP heterosis ranged from -4% to 6% across both locations, but none of those 
deviations was significant (Table 5). The data collected in this first year suggest that no 
heterotic pattern for yield exists between SD and NDD germplasm. 
Plant height and autumn regrowth were measured at both locations, with five plant 
height measurements collected in Nashua and one in Ames (Table 6). In June at Nashua, SD 
parents and SD x SD crosses were taller than NDD parents and NDD x NDD crosses; SD x 
NDD crosses indicated an intermediate pattern. No differences were detected between groups 
in the July measurement. In August, September, and October, SD parents and SD x SD 
crosses were shorter than NDD parents and NDD x NDD crosses. SD x NDD crosses were 
either intermediate to the two parental types or more similar to the shorter of the two, results 
paralleling that found by Riday and Brummer (2002b) for sativa x falcata hybrids. A similar 
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pattern was observed in Ames in September. For autumn regrowth, the ND parents and ND 
x ND crosses were superior to the others, with SD x ND crosses intermediate at both 
locations (Table 6). 
Autumn regrowth in both locations could have grouped in both locations highest 
regrowth were observed in NDD parents and NDD X NDD crosses, then SD X NDD crosses 
were ranked second and SD X SD crosses ranked lowest. Differences between the two 
locations in terms of autumn regrowth appeared in the grouping of SD parents. In Nashua 
and SD parents categorized with SD X NDD crosses. In Ames however, SD parents were 
recognized as an independent group ranked between SD X SD crosses and SD X NDD 
crosses (Table 6). 
The only heterosis parameter that showed a significant deviation from zero in 
agronomic traits was a 6% negative MP-heterosis for October height in Nashua. A 5% MG-
heterosis (p = 0.08) was observed for Ames autumn regrowth (Table 6). 
Estimates of Genetic Effects of yield: 
Considering the entire diallel without regard to the dormancy grouping using the 
Gardner and Eberhart analyses II and III (Gardner and Eberhart, 1966; Murray et al., 2003) 
indicated the presence of heterosis, variety heterosis, and GCA and SCA effects in certain 
harvests. In Nashua, strong GCA effects were observed in all harvests (Table 7). Non-
additive yield effects (SCA) were observed only in July and August harvests. In Ames, GCA 
effects were present at the August harvest and for annual yield and no -SCA effects were 
present (Table 7). The SCA effects are analogous to specific heterosis (Murray et al., 2003). 
Variety heterosis was observed at the August and September harvests in Ames, and at the 
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August harvest in Nashua. None of the other heterosis parameters showed a significant 
deviation from zero. 
Variety effects estimates ranged from 538 to -301 with a standard error of 123, 
indicating a strong variety/parent effect in Nashua (Table 8). The highest parental effect was 
observed at 5454 whereas GT13R+ (C3) had the lowest parental effect. Showing a parallel 
pattern with the mean analyses above, 5454, 6420, Innovator +Z, and CUF 101 (C3) had a 
positive parental effect, and Vernal, 5939 (C3), Magna 8 (C3), and GT13R+ (C3) had 
negative parental effects. The estimates of parental effects oflnnovator +Z, Vernal, and CUF 
101 ( C3) were smaller than standard error. GCA effect estimates were ranged from 319 to -
183 with a standard error of 79. Highest GCA was observed at 5454, indicating that additive 
yield effects were highly effective. SCA effect estimates ranged from 330 to -450 with 175 
standard error. Some particular crosses had a clear positive deviation from zero such as cross 
between 6420 and Magna 8 (C3) =330, Innovator +Z and GT13R+ (C3) =315, implying that 
opportunihe' ·::xist to capture heterosis in specific crosses (Table 8). 
In Ames, parental effect estimates were ranged from 104 to -149. In Ames, as in 
Nashua, 5454 showed the highest parental performance, but 6420 indicated the poorest 
parental performance. GCA estimates ranged from 77 to -59. The highest GCA was observed 
in 5454 and parallel to parental effect lowest GCA effect estimate was found in 6420. SCA 
estimates ranged from 163 to -145. Higher SCA values were found in particular crosses such 
as 5939 (C3) and Magna 8 (C3) or between GT13R+ (C3) and CUF 101(C3), which were not 
observed in Nashua. 
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Disregarding the dormancy grouping, p values for traits of interests indicated a 
diverse pattern in agronomic traits. A significant GCA effect was detected in the August 
height measurement; highly significant p values were obtained in September and the October 
plant height in Nashua (Table 9). The only significance at SCA effects were observed in 
October measurement with a 0.0001 significance level. Both GCA and SCA effects were 
highly significant at the autumn height measurement at Ames. Significant heterosis effects 
were detected at the September and October height measurements in Nashua, and September 
measurement at Ames. No average heterosis was detected in any of height measurement in 
either location. Significant variety heterosis effects were found only in the September height 
in Nashua. A highly significant specific heterosis in autumn height was detected at the both 
locations. 
At Nashua, GCA effects were observed in autumn regrowth but no significance was 
detected for SCA; in contrast, SCA effects were detected in Ames whereas GCA effects were 
not significant. The only heterosis parameter that was significant in Nashua was heterosis and 
variety heterosis. In Ames, however, average, variety, and specific heterosis was present for 
autumn regrowth (Table 9). 
General heterotic pattern between the two dormancy groups 
No general heterotic pattern was detected between the two proposed heterotic 
groups-semidormant cultivars and nondormant derived germplasm-for biomass yield, 
plant height, or autumn regrowth at either Iowa location. In general, the SD x NDD hybrid 
populations were intermediate to the parental populations or to the average of within 
dormancy crosses. The SD parents and SD x SD crosses tended to have a higher yield at 
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earlier harvests, but less in late summer and autumn harvests relative to the ND parents and 
NDD x NDD crosses. 
Two possible explanations can be offered for lack of heterosis. First, these two 
germplasm groups could have shared the same gene pool despite the fact that the progenitors 
of the NDD populations were adapted to a different geographic region than the SD cultivars. 
With similar alleles at similar frequencies, the two groups would not represent distinct 
heterotic groups. The selection imposed by Weishaar et al. (2005) clearly changed the 
populations in terms of autumn growth and winter survival. Three of the four cultivars 
selected had some proportion of semidormant germplasm in their pedigrees, although Magna 
8 had approximately 90% nondormant sources contributing to its gene pool. Thus, the 
selection could have simply selected semidormant alleles from the nondormant sources that 
would either pleiotropically or via linkage also affect biomass yield. We find this explanation 
wanting, not least because significant recombination occurred during the development of 
these cultivars initially, so extracting semidormant germplasm uncontaminated with 
nondormant alleles seems exceedingly unlikely. 
The second explanation is that most nondormant germplasm simply does not have the 
necessary complementary alleles that could lead to a heterotic pattern when combined with 
Midwestern germplasm predominantly derived from M. varia, Turkistan, and Flemish 
sources (Barnes et al., 1977 and USDA, 2004). Molecular marker studies suggest that 
Peruvian is the most genetically distinct of the four nondormant germplasm sources 
(Peruvian, Chilean, African, and Indian) (Maureira et al., 2004; Kidwell et al., 1994). A 
diallel crossing experiment in New Mexico, U.S. has shown that Peruvian produces the 
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highest heterosis of the nondormant germplasm. Thus, given that Peruvian contributes 
relatively little to the NDD populations we evaluated, perhaps heterosis is not to be expected. 
Because we do not know the mechanism of heterosis, experimental clarification of this 
hypothesis will be difficult to ascertain. 
Third and possibly most likely, both trials were essentially measuring establishment 
year yield, and full expression of heterosis (and of yield) may not be realized until the second 
year. Because of extremely dry fall season in 2003, emergence of the seeded trial at Nashua 
was very late, so the plants entering spring 2004 were very small. At Ames, the transplanting 
was performed in April, and yield was not measured until July. Therefore, another year of 
testing will enable us to unequivocally evaluate this hypothesis. 
Although a general heterotic pattern was not detected between the two dormancy 
groups, some particular crosses indicated an outstanding yield increase, which could be 
useful for future breeding efforts and to gain a better understanding of the mechanism of 
heterosis. 
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Table 2. Estimates of effects tested in a diallel among nine alfalfa germplasms. GCA General 
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t Effects for variety (i.e., parents) and GCA effects estimated according to analysis III of 
Gardner and Eberhart (1966). Effects for heterosis, average heterosis, variety heterosis 
estimated according to analysis II of Gardner and Eberhart ( l 96Q). SCA as estimated by 
analysis III was comparable to that of specific heterosis as estimated by analysis II. 
t y jj sample mean of parent/variety j, y jJ' sample mean of cross of parents} and/ , 
y v sample mean of all parents/varieties, y c sample mean of all crosses of all n parents, 
y jc sample mean of crosses from parent j. J..lii, J..lii 1 , µ,.., Cj , and Jlcj are the corresponding 
population parameters. 
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Table 8: Estimates of diallel effects for varieties/parents (v), general combining ability 
(GCA), average heterosis ( h ), variety heterosis (h), specific combining ability (SCA), and 
their respective standard errors for alfalfa dry-matter yield (g ploC1) over four harvests in 
Nashua and three harvest in Ames. 
Effect Estimate Effect Estimate Effect Estimate 
Nashua Ames Nashua Ames Nashua Ames 
- -
y 1978 294 h 30 8 SEh 83 32 
VJ I 538 104 GCA11 319 77 h11 124 63 
V22 414 -149 GCA22 160 -59 h12 -118 37 
V33 96 65 GCA33 -13 -20 h33 -152 -131 
V44 -94 101 GC~ -86 63 h44 -99 33 
Vss -481 -40 GCAss -183 -52 hss 144 -79 
V66 -286 -31 GCA66 -114 -11 h66 71 10 
V77 -301 -12 GCAn -91 16 hn 148 55 
Vgg 112 -38 GCAss 8 -14 hss -120 12 
SEv 123 48 SEocA 79 31 SEh 125 49 
Nashua Ames Nashua Ames Nashua Ames 
SCA12 -450 -81 SCA26 330 43 SC~1 -204 -61 
SCA13 2 55 SCA21 -170 61 SC~s -198 -35 
SCA14 148 -21 SCA2s 129 -6 SCAs6 179 163 
SCA1s -165 44 SCA34 195 148 SCAs1 -320 -145 
SCA16 -60 -64 SCA3s 44 33 SC Ass 133 -93 
SCA11 256 102 SCA36 -1 -132 SC~1 -91 -124 
SCA1s 269 -36 SCA31 315 32 SCA6s -184 105 
SCA23 -194 -65 SCA3s -362 -70 SCA1s 214 135 
SCA24 229 5 SC~s 3 -44 
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CHAPTER 3: GENERAL CONCLUSIONS 
The main objective of this thesis was to determine if a heterotic pattern exists 
between two proposed heterotic groups: semidormant (SD) midwestern U.S. alfalfa cultivars 
and nondormant derived (NDD) populations selected from southwestern U.S. alfalfa 
cultivars. This study is a part of a long term breeding project to adapt exotic alfalfa 
germplasm, both dormant and nondormant sources, to the Midwest in order to improve yield 
either directly or via the production of hybrid or semihybrid cultivars (Brummer, 1999). 
Besides the main trait of biomass yield, we were also interested in determining the presence 
and magnitude of heterosis for the agronomic traits of plant height and autumn regrowth. 
To test our hypothesis, four elite Midwestern SD cultivars and four adapted NDD 
germplasms were crossed in a half diallel mating design and the F 1 hybrid populations were 
planted at two Iowa locations (Ames and Nashua). In 2004, four biomass yield harvests were 
taken in Nashua and three in Ames. Plant height before each harvest and autumn height were 
measured in Nashua and autumn height measured in Ames. Autumn regrowth scores were 
collected at Nashua at the beginning of October and at Ames at the end of September. 
No general heterotic pattern was observed in any of the crosses between SD and NDD 
populations, nor within dormancy group crosses for biomass yield or agronomic traits. 
However, the cultivar 5454 had high GCA and 5939(C3) performed very poorly. CUFlOl 
(C3) had the highest performance both per se and in crosses compared to the other three 
newly adapted germplasms. 
The lack of heterosis was surprising. However, biomass yield was measured in the 
establishment year. Consequently, a second year of data collection is warranted to determine 
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if a heterotic response may be muted until plots are fully established. Typically, biomass 
yields are highest in the first post-establishment year. If no heterosis is observed after the 
second year, then the value of these germplasm sources will be primarily as sources of new 
alleles and their introgression and incorporation into existing breeding pools can occur. 
There would be no need to maintain them as separate populations. 
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